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Abstract 
The combined Rhone and Aare Glaciers presumably reached their last glacial maximum 
(LGM) extent on the Swiss Plateau prior to 24 ka. Two well-preserved, less extensive 
moraine stades, the Gurten and Bern Stade, document the last deglaciation of the Aare Valley, 
yet age constraints are very scarce. In order to establish a more robust chronology for the 
glacial/deglacial history of the Aare Valley, we applied 10Be surface exposure dating on 
eleven boulders from the Gurten and Bern Stade. Several exposure ages are of Holocene age 
and likely document post-depositional processes, including boulder toppling and quarrying. 
The remaining exposure ages, however yield oldest ages of 20.7 ± 2.2 ka for the Gurten Stade 
and 19.0 ± 2.0 ka for the Bern Stade. Our results are in good agreement with published 
chronologies from other sites in the Alps.  
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1. Introduction 
Moraines document the variable extent of glaciers in the past and are key terrestrial archives 
to reconstruct and understand past climate changes and landscape history. During the last 
glaciation (Würm, Weichsel, or also referred to as Birrfeld Glacial in Switzerland), vast parts 
of Switzerland were covered with ice (Bini et al. 2009). Remnants of moraines and till 
indicate even more extensive earlier glaciations, referred to as Beringen and Möhlin Glacials, 
respectively (Graf 2009; Preusser et al. 2011; Keller and Krayss 2011). The Swiss Plateau is 
undoubtedly an important area to investigate (i) extent and timing of past glaciations, (ii) 
glacial erosion and particularly glacial over-deepening (Schlüchter 1987; Preusser et al. 2010; 
Haeberli et al. 2016)  and (iii) past climate changes.  
During the last glacial, i.e. between marine isotope stage (MIS) 5d and MIS 2 (110 ka -14 ka; 
Lisiecki and Raymo 2005), the Alpine glaciers advanced several times into the foreland, yet 
timing and extent are poorly constrained for most of these events (Preusser et al. 2011). Graf 
et al. (2009) distinguished two glacial phases during MIS 2 on the Swiss Plateau and dubbed 
those Lindmühle and Birmenstorf Glaciations. The Lindmühle Glaciation probably occurred 
just after ~29 ka (Preusser and Graf 2002), while the more extensive Birmenstorf Glaciation 
occurred a bit later but prior to ~24 ka  (Ivy-Ochs et al. 2004; Ivy-Ochs et al. 2006a; Reber et 
al. 2014). After the last glacial, the glaciers retreated from the foreland, interrupted by several 
re-advances of the decaying glaciers, which left well-preserved moraines (Keller and Krayss 
2005a; Keller and Krayss 2011; Graf 2009; Reber et al. 2014; Keller and Krayss 2005b). 
Wirsig et al. (2016) documented a rapid thinning of the glaciers in the high Alps with the 
onset of the Lateglacial at ~18.5 ka. Several re-advances occurred during the Lateglacial, but 
they did not reach the forelands again and were restricted to the Alpine valleys. The oldest 
and most extensive Lateglacial advance, is dated to ~17 ka (Ivy‐Ochs et al. 2006b) and has 
been suggested to coincide with the  Heinrich Event 1, a massive iceberg discharge and 
deposition of ice-rafted detritus in the North Atlantic (Heinrich 1988; Hemming 2004). For 
the present study, we applied 10Be surface exposure dating on eleven boulders from the 
Gurten and Bern Stade in order to constrain the deglaciation history of the decaying Aare 
Glacier. 
1.1 Regional and local context 
The Aare Valley between Thun and Bern (Fig. 1) is in the transition zone between the high 
mountains of the Bernese Oberland and the Swiss Plateau. The landscape is characterized by 
rolling hills, which consist of Tertiary Molasse deposits and are mostly covered by 
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Quaternary glacial- and glaciofluvial sediments. From old to young, the Seftigschwand, 
Gurten and Bern Stades have been mapped as the most prominent moraines in the Aare 
Valley (Fig. 1, Kellerhals et al. 2000). 
During the LGM, the Aare Glacier merged with the much larger Rhone Glacier and covered 
the area in the vicinity of Bern with more than ~300 m thick ice (Fig. 1, Bini et al. 2009). The 
source area of the glacier was located south-east of Bern on the northern side of the Alps 
(Reber and Schlunegger 2016). This is in contrast to the other Alpine LGM glaciers in 
Switzerland, which had their source area south of the Alpine weather divide (Florineth and 
Schlüchter 2000; Luetscher et al. 2015; Reber and Schlunegger 2016; Becker et al. 2016). The 
stratigraphically oldest lateral moraines in the Aare Valley are mapped as Seftigschwand 
Stade and probably correlate with the maximum advance of the Rhone glacier (Kellerhals et 
al. 2000; Bini et al. 2009). The retreat from the LGM stade occured likely ~24 ka ago 
(recalculated using the same scaling as for the boulders presented in this paper; see below) 
based on surface exposure ages from Steinhof  of the Rhone Glacier (Ivy-Ochs et al. 2004; 
Ivy-Ochs et al. 2006a). As no boulders are available on the Seftigschwand moraine, the true 
age of the maximum advance of the LGM Aare glacier remains elusive. 
                                        
Figure 1: Digital terrain model of the Aare Valley between Bern and Thun, with major stades 
of the former Aare Glacier after Kellerhals et al. (2000). Stars mark the sample locations on 
the Gurten Stade (GS1-5) and Bern Stade (BS1-6). Source of the Map: Federal Office of 
Topography. 
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The Gurten Stade documents a first still-stand or re-advance of the Aare Glacier after the 
LGM. At this time, the Aare and Rhone Glaciers were still merged, as no terminal moraines 
can be linked with Gurten Stade. However, its lateral moraines south of Bern are well 
preserved on top of the Gurten hill (~850 m) and along the Aare Valley, e.g. near 
Niedermuhlern (~900 m). 
The Bern Stade has pronounced, well visible ridges and a terminal moraine in Bern (~560 m 
above sea level). 
The Bern Stade marks a second pronounced still-stand or re-advance during deglaciation of 
the Aare Valley. It is characterized by well-preserved lateral moraines, as well as end 
moraines (~560 m above sea level), which are located in and around the city of Bern. 
Therefore, the Aare and Rhone Glaciers must have been separated by then.  Its lateral 
moraines can be traced southward reaching altitudes of almost 700 m along the Gurten hill, as 
well as south-eastward reaching altitudes of ~750 m along the Ostermundigen- and 
Dentenberg (Fig. 1). 
Just inside the Bern Stade, a few more glacial deposits have been mapped. These document 
minor still-stands or re-advances before the Aare Valley became ice-free (Kellerhals et al. 
2000).  
In summary, numerous studies have investigated the glacial deposits on the Swiss Plateau and 
in the Aare Valley (see also Schlüchter 1976; Schlüchter 1988; Preusser and Schlüchter 2004; 
Dehnert et al. 2010; Akçar et al. 2011), yet the extent and exact timing of their retreat of the 
Aare Glacier during the last glacial and the last deglaciation remain vague. We present our 
results in the context with other glacial chronologies from the Alps and discuss possible 
climate forcings. 
2. Material and Methods 
2.1 Sampling 
The Samples from Gurten stade were taken from the well visible lateral moraine in 
Niedermulern (Figs. 1 and 2). We sampled five boulders for surface exposure dating (GS1-5, 
Figs. 1 and 2). From the moraines of Bern Stade we sampled two boulders (BS 1 and BS 2) 
on the Gurten hill, one on Ostermundigenberg (BS 3) and three on Dentenberg (BS 4-6) (Figs. 
1 and 2). Regarding the sampling strategy, we followed whenever possible the suggestions by 
Akçar et al. (2011). They imply that (1) the lithology of the boulder must be appropriate, (2) 
the boulder should lie on the moraine crest, (3) displacement and tilting should be avoided by 
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using boulders as large as possible, (4) flat topped boulders should be favoured and (5) marks 
of weathering should be considered as problematic. All samples meet the criteria for (1) as 
they are all granitic boulders. Criteria (2) is fulfilled for all samples but BS 3, BS 4, GS 4 and 
GS 5 which were found on the slope of the respective moraines but still in a stable position 
i.e. their bases are embedded in the sediment. If possible, we considered boulders with a 
height > 1 m (criterium 3). BS 3, BS 4 and GS 4 have a height of < 1 m. All boulders but BS 
1, GS 2, GS 4 and GS 5 are flat topped and fulfil criterium (4). The only boulder that shows 
signs of weathering (criteria 5) is BS 1, which is broken apart. On the other samples we did 
neither detect physical nor chemical weathering. 
                               
Figure 2: Pictures of the sampled boulders.  
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Approximately 500 g samples, 2-4 cm thick, were collected from the top of the boulders using 
hammer and chisel. Coordinates were recorded with a handheld GPS device and double-
checked on the topographic and geologic maps. All boulders were documented 
photographically.  
2.2 10Be surface exposure dating  
In the last decades, 10Be surface exposure dating has become an important tool for dating 
geomorphic features (Phillips et al. 2016). When applied to boulders on moraines, the 
exposure age ideally reflects the time since deposition and moraine stabilization. The 
principle of the method relies on the production and accumulation of in-situ 10Be when 
neutrons (Lal 1991) and muons (Heisinger et al. 2002a; Heisinger et al. 2002b; Braucher et al. 
2003) interact with the oxygen and silicon in quartz (Gosse and Phillips 2001). The 
production rate decreases with depth, so that erosion, shielding (rock, snow etc.), 
anthropogenic plucking, exhumation or toppling of the boulder can on the one hand all lead to 
an underestimation of the deposition age. On the other hand, inheritance could theoretically 
result in too old exposure ages due to pre-exposure of samples before deposition. At mid-
latitudes, the probability for inheritance is generally assumed to be much lower than the 
probability that boulders were affected by post-depositional, common geomorphological 
processes (Heyman et al. 2011; Graf et al. 2015). This often justifies to interpret the oldest 
boulder(s) as being closest to the deposition time of the moraine. 
2.3 Laboratory work and exposure age calculation 
After crushing and sieving the samples to 200-700 μm, we applied standard lab procedures to 
obtain quartz and extract beryllium (Kohl and Nishiizumi 1992; Ochs and Ivy-Ochs 1997). 
The 10Be/9Be measurements for BS1, BS2 and GS1 were conducted with the TANDY 
Accelerator Mass Spectrometer (AMS) at the Laboratory of Ion Beam Physics, ETH Zurich. 
The measured ratios were normalized to the ETH Zurich in-house 10Be/9Be standard S2007N 
with a nominal ratio of 28.10 (± 0.76)*10-12 (Christl et al. 2013). Our S2007N was calibrated 
relative to the ICN Be-10 AMS Std 01-5-1 with the revised 10Be/9Be ratio of 27.09 (+/- 0.3) 
*10-12 (See Table 2 in Nishiizumi et al. 2007) so it is tracable to NIST SRM. Two blanks were 
processed together with these samples. They had 10Be/9Be ratios of 0.003 (+/- 0.001)*10-12 
and 0.014 (+/- 0.002)*10-12, i.e. at least ten times smaller than the sample ratios (Tab. 1). The 
blank ratios were subtracted from the sample ratios. Samples BS3-6 and GS2-5 were 
measured at DREAMS (DREsden AMS, Helmholtz-Zentrum Dresden-Rossendorf, 6MV) 
using the in-house standard SMD-Be-12 with a 10Be/9Be ratio of 1.704 (± 0.030)*10-12 
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(Akhmadaliev et al. 2013) traceable to the NIST-SRM 4325 standard with a ratio of 
27.9 (± 0.3)*10-12 (Nishiizumi et al. 2007). One blank was processed together with the 
samples. It had 10Be/9Be ratios of 0.001 (+/- 0.0003)*10-12, i.e. mostly more than ten times 
smaller than the samples (Tab. 1). The blank ratios were again subtracted from the sample 
ratios before calculating the exposure ages. 
We used the CRONUS Earth web calculator, v.2.0 (Marrero et al. 2016), the scaling system 
of Lifton et al. 2014), with a sea level high latitude production rate of 3.92 atoms/g/a 
(Borchers et al. 2016) and half-life time of of 1.387 Ma (+/- 0.012), published by Korschinek 
et al. 2010) to calculate the ages. The same parameters are used when we recalculate 
published ages in the discussion section. Topographic shielding is <1% for all samples and, 
thus, negligible, and no corrections were made for (negligible) effects related to snow and 
vegetation cover.  All ages were calculated assuming zero erosion in order to yield minimum 
ages. In Tab. 1, we have also displayed the ages for an erosion rate ε = 3 mm/kyr because  
Ivy-Ochs et al. (2004) calculated this erosion rate on a granitic boulder ~ 30 km northeast of  
Bern. Nevertheless, we only discuss the ages, calculated with zero erosion, as this is the 
minimum apparent age of the boulder. We used the same procedure for all recalculated ages 
from other publications. 
3. Results 
All exposure ages are presented in Tab. 1 and illustrated in Fig. 3. The ages for Gurten Stade 
range from 7.8 ± 0.6 ka to 20.7 ± 2.2ka and those for the Bern Stade range from 9.0 ± 1.0 ka 
to 19.0 ± 2.0 ka calculated without erosion. To find out, which ages are statistically the same, 
we use a χ2 test with n-1 degrees of freedom (n is the number of samples) published by Ward 
and Wilson (1978). This test has already been applied on 10Be ages e.g. by Engel et al. (2017). 
The 95% critical values of the samples are calculated and compared with a theoretical value 
for χ2. If the calculated χ2 is bigger than the theoretical one, the age with biggest χ2 is 
removed. This is repeated upon the calculated χ2 is smaller than the theoretical value. 
Afterwards, the error weighted and arithmetic mean of each moraine was calculated. Gurten 
Stades yields an age of 19.27 (+/- 0.1) ka whereas GS 2 and GS 4 did not pass the test and are 
thus outliers. The average age for Bern Stade is 17.58 (+/- 0.61) ka. and BS 1 is an outlier. As 
both Stades have very similar ages, we also used this method for both Stades together: Using 
the Ward and Wilson (1978) approach for both moraines shows, that all samples but GS 2, GS 
4 and BS 2 are statistically the same. The average age is 18.02 (+/- 0.56) ka. 
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Table 1: Sample data and surface exposure ages for the boulders dated in this study (BS1-6, 
GS1-5). 
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Figure 3: All ages with total uncertainity. Data in the rectangle passed the χ2 test. 
4. Discussion 
Although both moraines have statistically the same age, they are different from a stratigraphic 
point of view and were clearly deposited during different stades of the Aare glacier. That is 
why we use both stages in the discussion. As Heyman et al. (2011) suggests that the oldest 
ages are most reliable, we discuss the oldest ages which are accepted by the χ2 test. 
 
10 
 
4.2 Regional context – glacial chronologies in northern Switzerland and the Alps 
The ages reported in this study for the Bern and Gurten Stade (19.0 ± 2.0 ka and 20.7 ± 2.2 
ka) fit very well into the regional glacial chronology for northern Switzerland (Fig. 3). Both 
ages are stratigraphically consistent with regard to recalculated surface exposure ages of ~24 
ka that have been reported for the local LGM of the merged Aare/Rhone Glacier (Ivy-Ochs et 
al. 2004). Moreover, the exposure ages are stratigraphically in good agreement with recently 
published exposure ages of which the oldest is 23 ± 2 ka from the LGM Reuss Glacier  (re-
calculated from Reber et al. 2014) and radiocarbon chronologies for the Linth and Rhine 
Glaciers (Fig. 3, Keller and Krayss 2005b).  
The Gurten Stade likely documents a first major still-stand or re-advance of the Aare Glacier 
at 20.7 ± 2.2 ka. Compared to the Seftigschwand Stade, the ice thickness in the Aare Valley 
was already tens of meters less. The Gurten Stade probably correlates with a recessional stade 
of the Linth and Rhein Glacier, respectively, dated to ~21 ka (Fig. 3; Keller and Krayss 
2005a, 2005b; Graf 2009; Preusser et al. 2011). Also an age from an Aare Glacier moraine 
(21.1 ± 1.8 ka), published by Akcar et al. (2011) has statistically the same age and might thus 
have been deposited by the receding LGM Aare Glacier in concert with the samples from 
Gurten Stade, presented in this study. 
The Bern Stade then documents the last major re-advance of the Aare Glacier which ended at 
19.0 ± 2.0 ka. Stratigraphically younger glacial deposits, referred to as Muri, Wittigkofen and 
Schlosshalde Stades, respectively, have been mapped in and just south-east of Bern 
(Kellerhals et al., 2000), but only the Bern Stade has been explicitly described as re-advance. 
During the Bern Stade, the Aare and Rhone Glaciers must have been already separated. The 
exposure ages for the Bern Stade are in good agreement with an exposure age of 19.2 ± 1.7 ka 
of the moraine of the retreating Reuss Glacier (Reber et al. 2014). Moreover, correlations can 
be made to the Linth and Rhein Glaciers: The recessional moraines of the Rhein- and Linth 
glaciers (~ 19 ka BP, Keller and Krayss 2005b) suggest a remarkable increase of the 
equilibrium line altitude after ~18 ka and ice-free conditions in the Alpine forelands within 1-
2 ka. This is consistent with the beginning of rapid ice surface lowering in the High Alps 
dated to ~18.5 ka using cosmogenic nuclides (Wirsig et al. 2016).  
The last glacial/deglacial chronology outlined above for northern Switzerland is consistent 
with chronostratigraphic results from other regions in the Alps. Starnberger et al. (2011), for 
example, described three stades for the Salzach Glacier in the eastern Alps of which the 
youngest two may correlate with Gurten and Bern Stade, based on available luminescence 
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ages. Monegato et al. 2007) described three glacial stades for the Tagliamento Glacier in the 
Southern Alps, and available radiocarbon ages there suggest ice decay after ~23, 21, and 19 
ka, respectively. Several more recent studies corroborate a initialretreat right after the LGM 
during MIS 2 (>23 ka) and final ice collapse after ~18 ka in the southern Alps (Federici et al. 
2012; 2016; Ravazzi et al. 2014; Scapozza et al. 2014; Gianotti et al. 2015).  
5. Conclusions 
In the present article, we have shown, that the first major still-stand/re-advance of the Aare 
Glacier (Gurten Stade) occurred at 20.7 ± 2.3 ka and that a second re-advance (Bern Stade) 
occurred at 19.0 ± 2.0 ka. Exposure dating in Switzerland is challenging, not only due to 
common post-depositional geomorphological processes, exposure ages can also be too young 
due to anthropogenic effects, i.e. quarrying, in the recent past. The now available chronology 
for the glaciation/deglaciation of the Aare/Rhone Glacier is in good agreement with published 
chronologies from northern Switzerland, from the Eastern and Southern Alps, as well as many 
glaciers and ice sheets worldwide.  
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